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The series of magnetic rare earth pyrochlore stannates R2Sn207 (R = 
rare earth, except Ce and Pm) have been investigated by powder sus- 
ceptibility measurements down to T = 1.8 K. The results are compared 
to results for the analogous titanate series, which are well-known frus- 
trated magnets. Unlike the titanates, the whole series can be formed 
in the cubic pyrochlore structure. Possible experimental advantages of 
studying the stannates are discussed. 



1 Introduction 

The magnetic properties of the pyrochlore com- 
pounds can be very unusual on account of the high 
degree of frustration between antiferromagnetically 
coupled magnetic ions [0. Cubic pyrochlore oxides 
A2B2O6O' are described by the face centred space 
group Fd—3m where the trivalent A atoms are situ- 
ated on the 16d sites, the tetravalent B atoms are on 
the 16c sites and the oxygen atoms are in the 48f(0) 
and 8b(0') sites. The A and the B atoms form iden- 
tical interpenetrating sublattices that are spatially 
displaced from each other by (i, i, i). Each lattice 
can be described as a three dimensional array of cor- 
ner linked tetrahedra and it is this basic tetrahedral 
motif that gives rise to the geometrical frustration 
of antiferromagnetic interactions. The A site is co- 
ordinated by two oxygen atoms (O') at the centre 
of the tetrahedra and by six oxygen atoms arranged 
in a puckered hexagonal ring around the metal ions. 
The structural details of pyrochlore compounds are 
well described in a very comprehensive review of the 
oxide pyrochlores p. The tetrahedral lattice is a 
feature of many other materials, examples including 



ternary fluorides (e.g. NH4C0AIF6 Q) and spinels 
(e.g. MgCr 2 4 Q). 

Investigation of the magnetic properties of 
the pyrochlores has been pioneered mainly by 
J .E. Greedan and collaborators. Of particular in- 
terest is the discovery || that several compounds 
of the form R2M02O7 (R = rare earth or Y) show 
frozen in magnetic disorder in the apparent ab- 
sence of chemical disorder. For these compounds 
the molybdenum(IV) ions are mag netic (d 2 , S = 1) 
and the R ion can be chosen to be nonmagnetic. 
Depending on the rare earth, the molybdates may 
be metallic (R = Sm, Nd, Gd) or semiconducting 
(R = Y, Tb-Yb) §, [| and it is not entirely clear 
to what extend local moment models of frustration 
would apply to these materials. It therefore remains 
of interest to characterise new families of magnetic 
pyrochlore materials with localised moments. Here 
we describe a susceptibility study of a family of rare 
earth stannates R2Sn207 in which the Sn(IV) ion 
is nonmagnetic and the rare-earth ions are chosen 
to be magnetic. This study follows on from an in- 
vestigation of the isostructural titanate materials 
R2Ti207 H that in turn developed the early work 
of Cashion il and Blote HI 
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While investigating Hc^T^Oy it was realised [11, 
|l^] that in the presence of local (111) easy axis 
anisotropy, frustration arose from a net ferromag- 
netic coupling between spins which has subsequently 
been established to be largely dipolar in origin [13]. 
The simple (111) Ising ferromagnet was termed the 
"spin ice" model on account of its precise mapping 
onto the problem of proton disorder in ice. It gives a 
good first approximation to the properties of Ho2Ti207 



IJ and Dy2Ti207 [14]. Following on from the ti- 
tanates, we decided to look at the magnetic prop- 
erties of the rare earth stannates, whose structural 
properties have been well studied [15, [l6|, 17]. The 
compounds are cubic, with a linear relationship be- 
tween the radius of the lanthanide and the lattice. 
Non-cubic pyrochlore stannates do exist, such as 



Bi 2 Sn 2 7 H I 



2 Experimental 

Our samples were prepared from Sn02 and R2O3 
(R = La, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, 
Lu and Y) ordered from Strem and Aldrich, all of 
a minimum of 99.9% purity. For the praseodymium 
and terbium stannate, PrgOn and Tb40y were used 
respectively and it was assumed that the excess oxy- 
gen would escape as a gas during annealing. It was 
not possible to prepare cerium stannate in this way, 
since the cerium remains as Ce +4 . However, because 
of this fact, it would be possible to make La2Ce207 
pQl , although this material adopts a disordered flu- 
orite structure. The oxides were ground, pressed 
into pellets and heated in air to 1400°C for 4 hours, 
this length of time being found sufficient for all of 
the compounds. The X-ray diffraction refinement of 
room temperature data gave lattice constants con- 



sistent with the literature values [17]. 

Magnetisation was measured in the range 1.8 K 
to 300 K at an applied field of 10 Oe (T < 20 K) and 
100 Oe (T < 20 K) using a Quantum Design SQUID 
magnetometer, and divided by field and amount of 
substance to give the susceptibility per mole of lan- 
thanide. The low field susceptibility was scaled to 
fit the higher field data, as the field positioning at 
10 Oe is not very accurate. Zero- field cooled ver- 
sus field cooled susceptibility was determined in an 
applied field of 10 Oe between T = 1.84 K and T = 
20 K, and magnetisation versus field isotherms were 



measured at T = 1.8 K in applied fields of up to 7 T. 
Estimated Curie- Weiss temperatures and magnetic 
moments are listed in table 1. Individual curves of 
effective moment fj, e ff = versus temperature 

are shown in figure 1. 
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Table 1 : The Curie- Weiss temperature, constant and 
magnetic moment for the rare earth pyrochlore stannates, 
estimated by extrapolating data from the given temper- 
ature ranges and "if required" applying the Van Vleck 
paramagnetism correction. 
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Figure 1 : The effective moments fJ. e ff versus temper- 
ature T for the rare earth pyrochlore stannates. The 
moments are derived from measured molar susceptibility 
X (in cgs units) via the relation fj, e ff = ^/ExT- 



3 Results and Discussion 

R 2 Sn 2 7 (R = Nd, Tb, Dy, Ho, Er, Yb) almost cer- 
tainly have doublet ground states with strong sin- 
gle ion anisotropy. The latter is evidenced by the 
fact that the magnetisation approaches saturation at 
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roughly half the free ion value. Amongst this group 
all except Yt)2Sn207 have Curie constants that are 
consistent with a ground state for i? 3+ consisting 
mainly of Mj = ± J for the free ion ground term. 
For R = Nd, Gd, Dy, Ho, Er, Tm, Yb the magnetic 
behaviour is extremely close to that of the analo- 
gous titanate. Thus one expects "dipolar spin ice" 
behaviour for R = Ho, Dy and ordering at T < 1.8 
K for R = Nd, Er, Yb, while R = Tm clearly has a 
singlet ground state derived from crystal field split- 
ting of the free ion term ||, |3>ll- Both Er 2 Sn 2 7 
and Er2Ti207 exhibit a pronounced FC-ZFC split- 
ting in the susceptibility at about 3.4 K. This feature 
needs to be investigated further. For Tb2Sn207, the 
Curie- Weiss temperature Ocw = —11.1 K, is appar- 
ently much less than in Tb2Ti207, Ocw = — 19 K 
[P^l - It is possible that our sample of Tb2Sn207 
is slightly non-stoichiometric. Consistent with this, 
we observe a slight FC-ZFC splitting in the suscep- 
tibility below 4.5 K, which is not reported for the 
titanate. The latter has been described as a co- 
operative paramagnet with no sign of magnetic or- 
der down to T = 0.07 K |2jJ. 

There have not been detailed reports of the mag- 
netism of titanates analogous to R2Sn20"7 with R = 
Pr, Sm, Eu, so we consider their behaviour in more 
detail. 

Pr2Sn<iO-j: The saturation magnetisation and 
effective moment approach the free ion value, while 
the Curie-Weiss constant is small. This suggests 
that crystal field effects and magnetic coupling are 
small in this material. This behaviour can be con- 



trasted with Pr203 [24, 25] which has a large 9cw 
~ -60 K arising from the crystal field splitting of 
the Hg free ion term of Pr 3+ to give a ground state 
singlet and low lying doublet. 

Sm2Sn20j: The effective moment versus tem- 
perature appears to have a term in (temperature) 5 
dominating at high temperature, suggestive of a Van 
Vleck paramagnetism. It is typical for the suscepti- 
bility of Sm 3+ salts to be dominated by the Van 
Vleck term near room temperature, and to show 
increasingly Curie- Weiss behaviour at low temper- 
ature pfj. Ascribing the value 0.00143 erg Oe -2 
mol -1 to the Van Vleck term gives a Curie- Weiss 
temperature of 1.36 K and moment derived from the 
Curie constant of 0.30, which is less than the mo- 
ment of the 6 Hs free ion term, 0.84 fiB atom -1 . This 



reduction in moment is consistent with the ground 
term in Sn^S^Cv being a doublet dominated by 
free ion Mj levels with Mj significantly less than 



the maximum, 
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A similar effect is observed in 



Sni203, which shows a similar susceptibility curve 

Eu2Sri2 O7: The susceptibility is roughly con- 
stant below 100 K, behaviour typical for Eu 3+ , in 
which the free ion Fo ground term is non-magnetic, 
leaving only the Van Vleck term. Similar behaviour 
is observed in EU2O3 [Q. The observed magnitude 
of the Van Vleck term (~ 0.008 erg Oe -2 mol -1 ) 
in Eu2Sn20"7 is close to that of EU2O3, which has 
been shown to be enhanced by anisotropic exchange 



between the Eu ions | 27[| . 



4 Concluding Remarks 

The rare earth stannates can be prepared in the cu- 
bic form across the whole lanthanide series and make 
an ideal system for the comparative study of mag- 
netic properties. Experimental investigation of the 
series to lower temperatures is in progress. The pres- 
ence of Sn in the structure will facilitate experimen- 
tal investigation of these materials by Mossbauer 
119 Sn spectroscopy. For example, using this tech- 
nique, Sn2B207 (B = Nb, Ta) have been shown to 
be actually of the form ^^^ 2 u^ n QM^^u)^T-{5/2)u 
■ u = 0.18 - 0.20) |2§|. Solid solutions of the type 
R a; R'i_ :r Sn207 (R = rare earth, R' = Ln, Y) can 
also be formed. In this context, 119 Sn MAS NMR 
spectroscopy has been shown to be a particularly 
powerful probe of local cation geometry on account 
of the very large 119 Sn chemical shifts [ {29| |. We fi- 
nally note that, to complete the series, cerium stan- 
nate pyrochlore (Ce2Sn207) has recently been pre- 
pared for the first time [fjOf, 
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